ABSTRACT Proteins fold and function in cellular environments that are crowded with other macromolecules. As a consequence of excluded volume effects, compact folded states of proteins should be indirectly stabilized due to destabilization of extended unfolded conformations. Here, we assess the role of excluded volume in terms of protein stability, structural dimensions and folding dynamics using a sugar-based crowding agent, dextran 20, and the small ribosomal protein S16 as a model system. To specifically address dimensions, we labeled the protein with BODIPY at two positions and measured Trp-BODIPY distances under different conditions. As expected, we found that dextran 20 (200 mg/ml) stabilized the variants against ureainduced unfolding. At conditions where the protein is unfolded, Fö rster resonance energy transfer measurements reveal that in the presence of dextran, the unfolded ensemble is more compact and there is residual structure left as probed by far-ultraviolet circular dichroism. In the presence of a crowding agent, folding rates are faster in the two-state regime, and at low denaturant concentrations, a kinetic intermediate is favored. Our study provides direct evidence for protein unfolded-state compaction in the presence of macromolecular crowding along with its energetic and kinetic consequences.
INTRODUCTION
To function, proteins must fold from extended unfolded states to compact unique structures that are biologically active. During the last three decades, through pioneering in vitro and in silico work using, for example, protein engineering (1) and energy landscape framework (2), significant progress has been made to pinpoint mechanisms and driving forces important for protein folding. However, in reality, proteins fold inside cells, where the environment is very different from the dilute buffer solutions mostly used in in vitro experiments. The intracellular environment is highly crowded due to the presence of large amounts of macromolecules, including proteins, nucleic acids, ribosomes, and carbohydrates. This means that a significant fraction of the intracellular space is not available to other macromolecular species. It has been estimated that the concentration of macromolecules in the cytoplasm ranges from 80 to 400 mg/ml (3) . All macromolecules in physiological fluids collectively occupy between 10% and 40% of the total aqua-based volume (4) . The crowded environment results in increased viscosity, excluded volume effects, and the opportunity for specific, as well as nonspecific, intermolecular interactions. To mimic excluded-volume effects in in vitro experiments, one may use so-called macromolecular crowding agents, which are inert, noncharged polymers of defined size (i.e., dextrans, Ficoll) that occupy space but do not interact with target proteins.
Due to excluded-volume effects, any reaction resulting in a volume change will be affected by macromolecular crowding (5, 6) . It has been suggested that macromolecular crowding provides a stabilizing effect to the folded states of proteins indirectly due to destabilization of the more extended and malleable denatured states (7, 8) . Many in vitro experiments have shown that protein stability is increased in the presence of macromolecular crowding agents (8) (9) (10) (11) . However, the underlying mechanisms for this observation are not clear. Conceptually, excludedvolume effects can simply shift the equilibrium toward the folded state of a protein (F), since the chemical potential will be raised more for the unfolded state than for the folded state in a crowded environment. Alternatively, there may be a direct effect of crowding on the unfolded state (U), forcing it to become more compact at crowded conditions. In the latter scenario, the chemical potential of the unfolded state is still raised more than that for the folded state (since U is still larger than F), and again the folded-state stability will be increased. The major goal here is to test the hypothesis that macromolecular crowding results in more compacted unfolded-state ensembles by using a direct experimental methodology.
Compaction of the unfolded state as a result of macromolecular crowding has been suggested based on a number of experimental studies. For example, small-angle neutron scattering experiments on random polymers (12) as well as on intrinsically disordered proteins (13) indicate compaction in crowding. Also, coarse-grained molecular simulations have demonstrated that the radius of gyration values decreased in silico for the unfolded forms of apoflavodoxin, VlsE, and calmodulin in the presence of hard spheres that mimic crowding (9, 10, 14) . In addition, there are studies demonstrating that proteins can convert from unfolded to folded or molten-globule states upon addition of large amounts of crowding agents. For instance, unfolded cytochrome c at pH 2 can adopt a molten globule structure in the presence of crowding agents (11) , unfolded RNase A at pH 3 adopts a folded-like structure upon addition of 350 mg/ml PEG 20,000 or Ficoll 70 (15) , and the reduced and carboxyamidated form of RNase T1 that is intrinsically unstructured at pH 7 was found to exhibit some catalytical activity upon the addition of 400 mg/ml dextran 70 (16) . Using Förster resonance energy transfer (FRET) between two proteins covalently attached at each end of the PGK polypeptide, PGK folded-state compaction was observed in the presence of Ficoll 70 (17) . However, in these studies, the unfolded-state compaction was not investigated directly. In a study performed in 2008 (18) , fluorescence experiments indicated that unfolded Azotobacter vinelandii apoflavodoxin was compacted in the presence of crowders, although it was noted that this may be due to the coexistence of intermediate states.
In 2010, Hong and Gierasch provided indirect evidence of protein unfolded-state compaction in a crowded environment in vitro (19) . For this, they probed changes in Cys and Trp residue accessibility in the CRAB I protein as the means to demonstrate compaction. Here, we applied intramolecular pairwise FRET between residues to directly probe two pairs of distances in the unfolded ensemble of the ribosomal protein S16, with and without macromolecular crowding agents. We find that the unfolded ensemble is more compact in the presence of dextran 20 as compared to the buffer system. We also report the consequences of this unfoldedstate compaction on S16 folding dynamics.
MATERIALS AND METHODS

Chemicals
Dextran 20 of technical grade was purchased from Pharmacosmos A/S (Holbaek, Denmark). Ultrapure urea was from MP Biomedicals (Santa Ana, CA), NaCl for analysis from Merck (Whitehouse Station, NJ), and NaAc anhydrous for analysis from Riedel-de Haën (Seelze, Germany). N-((4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-yl)methyl) iodoacetamid (BODIPY) was purchased from Invitrogen (Carlsbad, CA). Water was run through a Milli-Q (Bedford, MA) water purification system with a resistivity R 18 MU cm
À1
.
Sample preparation
The S16 mutants were prepared as previously described (20) . The buffer contained 30 mM NaAc and 50 mM NaCl at pH 5.5, with or without addition of 200 mg/ml dextran 20 and with varying urea concentrations. To avoid the complication that volumes of different solutions are not additive, the urea concentration was expressed as moles/kg H 2 O in most experiments. All samples were left to equilibrate for at least 30 min before the measurements were performed and the stability over time was tested. The distance and viscosity measurements were repeated at least once.
Absorption and fluorescence
The absorption spectra were measured on a Cary 5000 UV-VIS-NIR spectrophotometer (Varian, Sydney, Australia). Corrected steady-state fluorescence spectra were recorded on a Spex Fluorolog 112 (Spex, Evanston, IL) using a spectral bandwidth of 2 nm. All measurements were performed at 20 C and the absorbance of BODIPY was kept below 0.08. For all types of fluorescence experiments, protein concentration was~4 mM.
Fluorescence lifetime and depolarization measurements
Fluorescence decays were collected by means of the time-correlated single-photon counting technique, using a PRA 3000 system (PRA, Victoria, BC, Canada). The excitation source used for tryptophan was a NanoLED-15 (IBH) with the excitation-peak maximum centered at 280 nm operating at 800 kHz. BODIPY was excited by a PicoQuant pulsed diode laser with the peak excitation maximum at 470 nm and operated at 2.5 MHz. Due to the high intensity of the PicoQuant pulsed diode laser, an interference filter centered at 470 nm (full width at halfmaximum (FWHM) ¼ 9.3 nm) was used in combination with neutral density filters in the excitation path. The appropriate emission wavelength was collected using interference filters centered at 334 nm (FWHM ¼ 8.9 nm) for tryptophan and at 520 nm (FWHM ¼ 28 nm) for BODIPY. To avoid pile-up distortion, the count rate was kept below 1.5% of the repetition rate. All lifetime measurements were performed at the magicangle condition. The resolution was 26 ps/ch and the fluorescence decay was collected over 2048 channels with 20,000 photons in the peak maximum.
The time-resolved fluorescence depolarization data were collected with the excitation polarizer set in vertical (V) position and the emission polarizer rotated periodically between vertical and horizontal (H) positions. For each setting of the polarizers, photons were collected for a period of 90 s until at least 100,000 counts were achieved in the difference between the decays obtained with the polarizers set at VV and VH. From the experimental decay curves, a sum curve s(t) ¼ F VV (t) þ 2GF VH (t) and a difference curve d(t) ¼ F VV (t) À GF VH (t) were constructed, and the corresponding anisotropy decay curve r(t) was calculated by dividing d(t) by s(t). The correction factor G accounts for the different experimental sensitivity to detecting vertically and horizontally polarized light (21) .
Far-ultraviolet circular dichroism
Far-ultraviolet (UV) circular dichroism (CD) spectra (200-300 nm, 1-mm cell) were recorded with a J-810 Spectropolarimeter (Jasco, Tokyo, Japan) equipped with a Peltier element for temperature control. The protein concentration was~25 mM.
Viscosity
The absolute viscosity was measured on a Brookfield DV-II þ Pro Viscometer (Brookfield, New York), connected to a Neslab Endocal RTE-110 temperature bath, using the Small Sample Adaptor and Spindle SC4-18. The shear rate was varied (30-200 rpm) to verify Newtonian behavior.
Stopped-flow mixing
Folding/unfolding dynamics data for S16 (WT and F10C/W74F) were acquired using stopped-flow mixing on an SX-17MV spectrofluorometer (Applied Photophysics, London, UK) equipped with a 320-nm long-pass filter to select for tryptophan emission. The initial protein concentration was 16 mM, and unfolded samples were left to equilibrate at least 30 min before measurements. Final protein concentration in the kinetic folding/ unfolding experiments was 1.5 mM.
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THEORETICAL PREREQUISITES AND DATA ANALYSIS Equilibrium unfolding
Assuming a two-state unfolding mechanism, it is found that the standard free energy of denaturation (DG ) varies linearly with urea concentration. The conformational stability of the protein in the absence of denaturant can then be estimated by assuming a linear dependence to 0 M denaturant (22) . This model was fitted to the data by using a nonlinear least-squares method (23) .
Analyses of Fö rster resonance electronic energy transfer
Assuming weak dipole-dipole coupling between the electronically excited donor (D) and acceptor (A) in its electronic ground state, the rate of energy transfer, u, is given by
Here, hk 2 i; t 0 D ; R 0D , and R stand for the averaged square of the angular part or the dipole-dipole interaction, the radiative lifetime of the donor, the Förster radius, and the distance between the center of masses of the donor and acceptor, respectively. The value of hk 2 i is taken to be the isotropic dynamic average, 2/3 (24, 25) , and the radiative lifetime of tryptophan is 18.9 ns (26). The Förster radius was calculated for each sample according to
where the overlap integral is defined by
In Eqs. 2 and 3, n, N A , F D (l), and ε A (l) denote the refractive index of the medium, Avogadro's constant, the normalized donor fluorescence spectrum, and the acceptor extinction coefficient spectrum, respectively. Refractive indices were measured for each sample composition at 589 nm using a refractometer. The time-resolved fluorescence of the acceptor was analyzed according to a previously described procedure (27) . This allows testing a single D-A distance, as well as a Gaussian distribution. In the Gaussian distribution,
R denotes the average distance between the centers of mass of the donor and acceptor groups, and the variance, s, is related to the FWHM of the distribution according to
The experimental data were analyzed by using a common deconvolution procedure of nonlinear least-squares analyses, which is based on the Levenberg-Marquardt algorithm (28).
Time-resolved fluorescence anisotropy
A BODIPY group covalently bound to a protein undergoes various intramolecular reorienting motions described by r intra ðtÞ. These are local reorientations ½r loc ðtÞ with respect to the binding site and overall segmental reorientations ½r segm ðtÞ of this site. The protein may also undergo slow tumbling motions on the fluorescence timescale, which are accounted for by r tumb ðtÞ. For globular proteins whose tumbling resembles that of a spherical particle, the reorientations r tumb ðtÞ and r intra ðtÞ are independent (29) . Therefore, the time-dependent fluorescence anisotropy ðrðtÞÞ can be written rðtÞ ¼ rð0Þr intra ðtÞr tumb ðtÞ:
Here, the initial anisotropy is rð0Þ%r 0 , where r 0 is the fundamental anisotropy (30, 31 
In Eq. 6c, q i are the local correlation times and r N denotes the residual anisotropy (29, 32) . The segmental reorientations are described by an effective rotational correlation time according to r segm ðtÞ ¼ exp Àt
It is reasonable to assume that correlation times for local rotations are much shorter than the segmental ones. A combination of Eqs. 6b-6d then yields
From depolarization experiments, the anisotropy decay has been analyzed. The initial and fast decay is then ascribed to the sum in Eq. 7. From the obtained best fit, an average
Biophysical Journal 104(3) 694-704 rotational correlation time was calculated (see Table 3 ), which is given by
The slow anisotropy relaxation is described by the second term of Eq. 7, i.e.,
In Eq. 9, the correlation time is Q slow ¼ ð1=q segm þ 1=q tumb Þ À1 . Taken together, the overall anisotropy decay is conveniently described by rðtÞ ¼ rð0Þ
This equation was applied to analyze the depolarization data when assuming two fast correlation times (q 1 and q 2 ).
Kinetic unfolding/folding data
Logarithms of rate constants were fitted to Eq. 11 (33) . This equation includes a quadratic parameter, m f 0 , which accounts for curvature in the refolding limb:
Here, k f and k u are the rate constants for folding and unfolding kinetics, whereas m f and m u are the denaturant dependence of the folding and unfolding limbs, respectively.
RESULTS AND DISCUSSION
We chose dextran 20 (20 kDa) as a crowder, since its size is more similar to the model protein S16 (13 kDa) than other commonly used larger crowders, such as dextran 70 or Ficoll 70. It has been proposed that when the protein and crowder are more similar in size, the larger the excluded-volume effect becomes (34) . The concentration of 200 mg/ml was chosen to be a condition with a high degree of crowding (i.e., in the biological range), but still a condition where biophysical, kinetic experiments can be performed. To study intraprotein distances in perpendicular directions (based on the crystal structure), we selected two S16 variants for FRET studies ( Fig. 1 ): for W74C, where Cys74 was labeled with BODIPY, the Trp58-Cys74 distance was probed, and for F10C/W74F, Cys10 was labeled with BODIPY and the Trp58-Cys10 distance was measured. It was demonstrated in earlier work that these mutations and their labeling do not disturb the folded structure of the protein (20) . In that study, moreover, these S16 variants were shown to unfold in apparent two-state equilibrium reactions (20) .
Equilibrium unfolding
We find that unfolding curves as a function of urea for the two variants and wild-type S16, probed by changes in far-UV CD, can be approximated as two-state reactions with sloping baselines (Fig. 2) . In the presence of 200 mg/ml dextran, the curves remain two-state-like but are shifted toward higher urea concentrations. This indicates that the variants are stabilized in the presence of crowding agent (DG and midpoint values are summarized in Table 1 ).
It is important to note that in the presence of crowding FIGURE 1 Intramolecular distances displayed on the crystal structure of wild-type S16 (20) . The side chain of Trp58 (FRET donor) is colored in green. The dashed lines show the distances between the donor and the two possible acceptor sites (orange). To measure FRET distances, in individual proteins, residues 10 and 74 were changed to cysteines that were subsequently labeled with BODIPY.
Biophysical Journal 104(3) 694-704 S16 Compaction in Presence of Crowdingagents, there is some volume excluded to the solvent, and thus, the effective urea concentration will be somewhat higher than the concentration derived based on total sample volume. We (34) and others (19) have earlier addressed this issue and proposed a way to correct the denaturant concentrations based on the partial specific volume of the crowding agent. Such corrections affect the slope of the unfolding curve (i.e., the m value) but not the extrapolated DG value. Another way to plot the unfolding data is to express the denaturant concentration in the unit of molal (Fig. 2) . Using this approach, the unfolding data are presented as a function of mole urea/kg water added. Thus, contributions from the dissolved urea and dextran have been removed.
Trp-to-BODIPY electronic energy transfer
To address distances between selected positions in S16 we turned to time-resolved fluorescence decay measurements.
Upon electronic excitation of Trp58 in S16, electronic energy is transferred to the acceptor group (BODIPY). The BODIPY group is here attached either to an engineered Cys at position 10, or at 74 in the primary structure. From the x-ray structure (20) , one ascertains that the distances from the C a atom of the donor to corresponding atoms of the acceptor are 22 and 21 Å , respectively. We here choose to compare the protein in buffer and in dextran at similar molal urea conditions. Other possibilities would be to choose similar corrected molar urea conditions, or conditions at which the protein is unfolded to the same degree (such as 90% unfolded) in both cases. Since the intention is to study the unfolded ensemble, the latter option is not useful. Below, for all conditions given in molal urea, we also report the corresponding corrected molar value. Energy-transfer measurements were performed for both variants at 0, 2, Equilibrium unfolding curves, derived from far-UV CD at 220 nm, were fitted to a two-state equation with sloping baselines. Before analysis, the urea concentrations in the dextran samples were corrected for solvent exclusion as described in the text.
Biophysical Journal 104(3) 694-704
in buffer samples and 0, 1.7, 5.7, 7.2, 8.3 M urea in dextran samples.) The Trp moiety was excited and the time-resolved fluorescence of BODIPY was monitored. Examples of fluorescence decays together with the best fits of models are displayed in Figs. S1 and S2 in the Supporting Material. In the data analyses the D-A distances are assumed either to be constant (R), or to obey a Gaussian distribution. In the latter case, one obtains average distances ðRÞ and variance (s) ( Table 2 and Fig. 3) . A single D-A distance very well describes the fluorescence relaxation for both mutants at zero or low urea concentrations in the absence of dextran, whereas at higher urea concentrations, an R-distribution is needed to obtain a statistically acceptable agreement with the experiments. In the presence of dextran, a single distance can still be fitted to the data at 8 m, whereas a distance distribution is required at 10 m urea. In the presence and absence of dextran, the Trp-BODIPY distances are very similar at low urea concentrations, indicating that the folded structures are the same with and without crowding agent. At denaturing conditions, the distances are shorter in the presence of dextran than in buffer for both variants.
For the F10C/W74F variant at 8 m urea and in the presence of dextran, which represents an early point on the unfolded-state baseline (Fig. 2) , the measured distance indicates a protein as compact as in the folded state. At 10 m urea with dextran, i.e., further along the unfolded-state baseline, the mean distance has increased but is still shorter than that obtained under the same condition in buffer. For the W74C variant, the same trend emerges. At 8 m and 10 m urea, the conditions represent the middle of the unfolding transition in the presence of crowding, but the end of the transition in buffer (Fig. 2) . As expected based on the difference in unfolding transitions, the measured FRET distances The Förster radius (R 0D ) was calculated for each sample and the distances were analyzed assuming one fixed distance (R) and as a Gaussian distribution of distances with an average distance ðRÞ and a variance (s). The quality of the fit was judged by the statistical parameters c 2 and DurbinWatson (D.W.). Biophysical Journal 104(3) 694-704 S16 Compaction in Presence of Crowdingat 8 m and 10 m are lower in the presence of crowding than in its absence. Nonetheless, at 12 m, the protein is unfolded at both conditions and the distance is somewhat shorter in the presence of crowding. The distance data are illustrated graphically in Fig. 3 .
The Stokes shift of the tryptophan is sensitive to the polarity of its environment. With increasing polarity, the peak fluorescence shifts from~308 to 350 nm (35) . The peak-fluorescence maximum of the Trp58 as a function of urea correlates with the compaction data (Fig. 4) . At conditions where each variant is more compact in dextran than in buffer, the tryptophan emission maximum is found at a shorter wavelength in dextran than in buffer conditions.
Unfolded-state properties
One might expect that unfolded-state compaction correlates with lower m values in the equilibrium unfolding curves, since the m values report on changes in the surface-exposed area upon unfolding (36) . If the unfolded state is more compact, it appears reasonable that a reduced surface area is exposed upon protein unfolding. However, the m values for unfolding in the presence of dextran are similar (or somewhat higher) to those found in buffer (Table 1) . A possible explanation is that despite unfolded-state compaction, in terms of the two specific dimensions probed, significant surface area is still exposed due to a rugged exterior of the conformers within the unfolded-state ensemble.
Concurrent with the observed compaction based on FRET-derived distances, we observe a residual structure in the unfolded state of the F10C/W74F variant based on the far-UV CD spectra (Fig. 5) . At 8 m and 10 m urea, the CD signal is more negative in the presence of crowder, indicative of residual structure. The W74C variant barely reaches the unfolded state in our experiments, and a comparison of CD spectra for the unfolded states is only possible at 12 m. For wild-type S16 also, additional CD amplitude is found at crowded conditions corresponding to the unfolded-state baseline (i.e., 10 m and 12 m).
Fluorescence anisotropy
The fluorescence anisotropy was determined for the two BODIPY-labeled S16 mutants in the presence and absence of dextran and at varying urea concentrations (an example of the experimental data is shown in Fig. S3 ). The timeresolved anisotropy data were analyzed using the model described above in the section Theoretical prerequisites. These analyses yield values of fast and slow rotational correlation times (cf. Eqs. 8 and 10). The obtained results are summarized in Table 3 , and an example of a more detailed analysis can be found in Table S1 . Clearly the short and long rotational correlation times are similar for both mutants in the absence of dextran and at low urea concentrations. The obtained value of Q slow z9 ns correlates with the protein tumbling-rate constant measured earlier by NMR (data not shown). However, at urea concentrations >8 m, the values of Q fast and Q slow decrease, and this is even more pronounced for the double mutant. The decreased values are compatible with polypeptide unfolding, which increases the BODIPY group dynamics. The accompanying decrease of Q slow is most likely due to shorter values of q segm , i.e., more rapid segmental motions.
In the presence of dextran and at lower urea concentrations, Q fast and Q slow are longer compared to the corresponding dextran-free systems. This is most evident for the long relaxation times. In contrast to homogenous solutions with small solutes, in dextran there is a nonlinear dependence on the measured bulk viscosity ðhÞ for Q slow (i.e., Q slow sconstant Â h) such that the S16 tumbling rates detected are faster than those expected on the basis of macroscopic viscosities. This means that the microviscosity experienced by the protein during tumbling is lower than the bulk viscosity. This has been reported previously for both translational and rotational microviscosities in the presence of macromolecular crowding agents (37) . That the effect of large molecules (such as crowders) on solvent viscosity is mostly macroscopic was noted many years ago, using, for example, barstar and barnase and poly-vinyl-pyrollidone (38) . Upon increasing urea concentration the values of Q slow show a twofold decrease, which again is compatible with an increased influence of segmental motions.
Folding and unfolding dynamics
To reveal how the crowding-induced compaction of unfolded S16 changes its folding dynamics, we collected S16 folding and unfolding kinetic data as a function of urea by means of stopped-flow experiments (Fig. 6 , Table  S2 ). To do so, we monitored the changes in the Trp signal of the wild-type and F10C/W74F proteins as previously reported (20) . It was earlier reported that the kinetic folding reaction of thermophilic S16 is not two-state. Instead, at low denaturant concentrations, a kinetic intermediate formed during the stopped-flow mixing step, and thus, the kinetic reaction is at least three-state. As a result of the change in mechanism between low and high urea concentrations, there is a detectable curvature in the folding arm at low urea concentrations (i.e., the m f value varies with the urea concentration) in the chevron plot (20) .
In our kinetic experiments with S16 (wild-type and F10C/ W74F) at dilute conditions, as expected, there is minor curvature in the folding arm at low urea concentrations. In the presence of 200 mg/ml dextran, the folding rate is faster at intermediate urea concentrations (2-4 M) in both cases, but at urea concentrations approaching zero, the crowding data reach the same folding rates as found in buffer. It appears that when the unfolded state is more compact due to the presence of crowding agents, folding in the two-state regime becomes faster. This is in agreement with the equilibrium stabilization of the protein in crowding originating from a destabilized unfolded state. Unfolded-state destabilization will reduce the height of the barrier toward folding, since the unfolded state is shifted up in energy, closer to the transition-state energy level. In contrast, at conditions where the intermediate is favored, the reaction from the intermediate to folded state is not much affected by the crowding agent. Notably, there is more pronounced curvature in the folding arm in the presence of dextran than in its absence. For F10C/W74F, there is a distinct kink at 3.5 M urea. This indicates that the intermediate pathway is favored under crowded conditions and at low denaturant concentrations. Thus, the crowding-induced compacted unfolded state is more prone to rapid conversion to the intermediate state than is the more expanded unfolded state. The next step, intermediate to folded state, appears similar in terms of kinetics for both buffer and crowded conditions. This result is reasonable if the intermediate is roughly as compact as the folded state and, thus, excluded-volume effects will play no role. The m f values as a function of urea concentration were derived (tangent in each point in the curves in Correlation times were determined from the measured anisotropy decay. Q fast was calculated according to Eq. 8. The quality of fitting Eq. 10 to the depolarization data was acceptable in all cases, as judged from the statistical test parameters (c 2 and D.W. in Table 2 ), which were 1.00 % c 2 % 1.20 and 1.8 % D.W. % 2.1. The residual plots were examined, and are exemplified in Fig. S3 .
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We note that there is no missing amplitude in the stoppedflow experiments (Fig. 6 ). This suggests that the intermediate formed during mixing when jumps are made to lower urea concentrations has the same Trp emission as the unfolded state. We also compared refolding kinetics from protein unfolded at crowded conditions in 6.9 M urea (9.6 molal urea) and in 9.2 M urea (15.9 molal urea), since we found a urea dependence of the unfolded-state FRET distances. It appears that folding from 6.9 M urea (þ crowding) is similar to folding from 9.2 M urea (þ crowding) at all urea concentrations (data not shown).
For the unfolding arm in the chevron plot, the kinetics in the presence of crowders is slower at all urea concentrations than unfolding in the absence of crowders. However, when extrapolated to 0 M urea, unfolding rates with and without dextran are similar. In other studies, it has been found that unfolding rates are the same with and without crowding (8, 9) , whereas in at least one case (19) , unfolding is slower in the presence of crowding. In the latter study, increased viscosity due to the presence of crowding agents was suggested as an explanation. The bulk viscosity for 200 mg/ml dextran 20 used in our experiments is 10 times higher than in water (Table 3) . However, it has been shown that the microviscosity, on the time-and lengthscales relevant for folding/unfolding dynamics, is not increased more than two-to threefold in solutions of macromolecular crowding agents as compared to dilute buffer solutions (39) (40) (41) (42) (43) . This is supported by our anisotropy measurements (see above) that relate to the nanosecond timescale.
Our unfolding-kinetics data show that with crowding, there is a reduced response to urea concentration, resulting in increased kinetic stability of the folded form. The reduced denaturant response corresponds with a lower m u value for unfolding in crowding compared to in buffer (~40% lower; Table S2 ). The m u value relates to the change in exposed surface area going from the folded to the transition state, and thus, our observation indicates that the transition state during unfolding is more compact in the presence of crowding.
CONCLUDING REMARKS
Proteins are produced and function in cellular environments that are highly crowded with other macromolecules. Macromolecular crowding results in excluded volume effects, increased viscosity, and increased opportunities for nonspecific and specific interactions compared to dilute solution. Here, we have focused on excluded volume effects on protein biophysical properties using dextran as the crowding agent and S16 as the model protein. For these types of experiments, it is important that the model system is well characterized in dilute conditions and unfolds reversibly under crowded conditions. These criteria are fulfilled for S16. Using FRET, we demonstrate explicitly that the unfolded ensemble of S16 is more compact in crowded conditions than in dilute solutions. Thus, in response to the increased chemical potential of extended conformations due to excluded volume, the system responds with structural compaction. Since we studied two specific dimensions in the protein, we can conclude that the unfolded-state compaction is not symmetrical but seems to depend on polypeptide sequence and residual structure preferences. We found that in the presence of dextran and at higher molal urea, the Trp58-F10C distance remained shorter than the Trp58-W74C distance. Based on this finding, we speculate that residual structure is more easily induced by crowding in the N-terminal part of S16 than in the C-terminal part. Regardless of the molecular details, unfolded-state compaction will result in decreased entropy of the unfolded state, and this stabilizes folded S16, since the entropic penalty for folding will be reduced. The stability increase for S16 at crowded conditions can be deconvoluted into kinetic effects: folding kinetics becomes faster in the two-state regime and unfolding in the presence of urea becomes slower. When folding involves a kinetic intermediate, crowding instead biases the reaction toward the intermediate pathway. The speed of the intermediate-to-folded reaction is not affected by crowding, which implies that the kinetic intermediate is almost as compact as the folded state.
It was earlier reported that the unfolded state of the thermophilic S16 used here is more compact than the unfolded state of the mesophilic homolog in dilute conditions (20) . Our observation of further compaction in the presence of crowding for thermophilic S16 suggests that the same unfolded polypeptide chain can span a large range of structural dimensions depending on sequence details and solution conditions. Since the mesophilic S16 protein has a more extended unfolded ensemble, we predict that crowding will have even larger effects on its unfolded state (work in progress). We propose that unfolded-state compaction is a general phenomenon that should be investigated when considering folding reactions in vivo.
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